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 12 
The effect of polycarboxylate / nanosilica (nS) particles in quaternary cement 13 
formulations comprising of Portland cement (PC), limestone powder (LS) and fly ash (FA) was 14 
investigated for the first time. The reference formulation, contained 60% PC, 20% LS and 20% 15 
FA by mass of binder in an effort to minimize clinker and maximize other constituents. nS 16 
particles were characterized via transmission and X-ray scanning electron microscopy. 17 
Nanosilica was added at a 0.3 or 0.6% by mass as a partial replacement of PC and different 18 
water-to-binder (w/b) ratios were explored. Compressive strength tests and thermal gravimetric 19 
analyses (TGA) performed at day 7, 28 and 56 testified to pozzolanic behavior. Results suggest 20 
a mechanism of “de-activation” of some FA particles with age. A new ratio; [(compressive 21 
strength in MPa)/(calcium hydroxide content detected by TGA)] was introduced, correlating 22 
 2 
microscale characteristics (hydration products) and macroscale performance (delivered 23 
compressive strengths). 24 
Back scattered SEM images confirmed the C–S–H network formation, the presence of 25 
reacted/unreacted FA particles, and the availability of Ca(OH)2 for delayed hydration reactions. 26 
Tests on mortars also confirmed the enhancement offered by nS addition. The lower bound nS 27 
addition was determined to be 0.6% by mass of binder for pastes and 0.5% for mortars. 28 
 29 
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1. Introduction 32 
Concrete structures affect the quality of our lives, while construction, rehabilitation and 33 
maintenance costs affect the economic growth of countries. In fact, the production of cement, 34 
the main constituent of concrete, comprises one of the largest industries globally. On the other 35 
hand, Portland cement (PC) clinker is responsible for about 8% of the manmade carbon dioxide 36 
emissions (Meyer 2009). The need to build ever more, is, therefore, calling for innovative 37 
cementitious binders tailored to meet specific requirements in terms of durability, performance 38 
and environmental impact. Currently, nanotechnology comprises a major stakeholder in 39 
sustainable cement production. Actually, cement nanocomposites are developed and 40 
investigated in an effort to minimize Portland cement content and maximize supplementary 41 
cementitious materials content, (usually industrial by-products such as fly ash (FA) or silica 42 
fume). Indeed, the synergistic effect of FA and LS in ternary cement formulations containing 43 
clinker, limestone and FA is confirmed offering a new way forward (De Weerdt, Kjellsen, et al. 44 
2011). Nanoparticles can assist in the amplification of these effects. The characteristics of a 45 
material are remarkably altered when its size is reduced to the nanolevel. Therefore, the 46 
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introduction of nanoparticles in cement, will affect hydration reactions, strength and 47 
microstructure of the pastes (Singh et al. 2013).  48 
Nanosilica (nS) particles can be suspended in water (aqueous suspensions) or other mediums. 49 
Very few studies have been published on the effect of nanoparticles in composite cementitious 50 
binders, in light of the need for CO2 footprint reduction. Recent research by the authors’ team 51 
has demonstrated the favourable effect colloidal aqueous nanosilica (nS) has on calcium silicate 52 
formation (Björnström et al. 2004) and particularly in ternary cement combinations (Portland 53 
cement 60%, limestone 40% by mass of binder and nS as PC replacement) with the enhanced 54 
consumption of Ca(OH)2 towards the production of additional C–S–H, witnessed via thermal 55 
gravimetric analyses (TGA) (Papatzani 2016; Papatzani, Paine & Calabria-Holley 2014). 56 
Indeed, the addition of nS offers increased pozzolanic reactions and provides nucleation sites 57 
for additional C–S–H growth, which increase the bound water. Therefore, although the increase 58 
in C–S–H due to the amorphous nature of the hydrate is X-ray diffraction silent, it can be 59 
observed via thermal gravimetric analysis (TGA). Furthermore, the densification of the 60 
hydrated matrix, was observed with the help of scanning electron microscopy (SEM) and the 61 
increased compressive strength with strength tests for up to 170 days aged composite pastes. 62 
The optimal dosage of nS was investigated in four different mix proportions and was concluded 63 
to be 0.1% nS by total mass of binder (Папатзани et al. 2014). Further to this, quaternary 64 
combinations of colloidal aqueous nanosilica having a low PC-to-FA ratio (Portland cement 65 
43%, limestone 30%, FA 37% by mass of binder and nS as PC replacement) exhibited 66 
significant pozzolanic behavior, investigated by TGA and compressive strength tests from day 67 
1 until day 90, with an optimum nS content determined at 0.5% by total mass of binder 68 
(Papatzani, Paine & Calabria-Holley 2014). Fourier transform infrared spectroscopy (FTIR) 69 
investigations on quinary and quaternary pastes showed evidence of an intricate C–S–H 70 
network of honey-comb structure rather than flake-like C–S–H network of ternary pastes 71 
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(Calabria-Holley & Papatzani 2014). In addition to this, it was found that the Ca/Si ratio of the 72 
C–S–H resulting from the addition of nS particles is lower than that of the reference paste, 73 
possibly signaling denser calcium silicate hydrate gel, which in combination with the presence 74 
of FA can lead to more durable pastes (Raki et al. 2010; Calabria-Holley & Papatzani 2014). 75 
On the other hand, polycarboxylate agents are extensively used as water reducers for concrete 76 
production. Furthermore, nS particles dispersed in a polycarboxylate medium promise water 77 
reduction capacity due to the repulsion and steric hindrance of the hydrating cement particles 78 
preventing coagulation (Shu et al. 2016) while at the same time allowing for greater strength 79 
development.  80 
To the best knowledge of the authors, this is the first study on the effect of polycarboxylate 81 
dispersed nS on the hydration, mechanical strength and microstructure of composite cement 82 
formulations (three or more constituents). This research is focused on the binder optimization 83 
through the comparison of three different water-to-binder ratios on quaternary pastes, 84 
containing PC, FA, limestone (LS) and nS. One of the challenges of this study was to create a 85 
Portland-composite binder with high limestone content and lower than the permissible clinker 86 
content according to EN 197-1 (CEN 2000). In fact, for CEMII/A-L cements, the permissible 87 
clinker content lies within 80-95% by mass of binder and the allowable limestone content is 88 
restricted to 6-20%. As for the Portland-composite cements, i.e. cements that contain both fly 89 
ash and limestone at a total maximum of 35%, the allowable amount of clinker must not be less 90 
than 65% according to the Eurocodes. In the present study, the limestone (20%) plus fly ash 91 
content (20%) of the reference paste reached 40%, while the clinker was at 60% by total mass 92 
of solids, dissociating from current EU standards. Therefore, the ratio PC/FA/LS content was 93 
equal to 3/1/1. The effect of polycarboxylate/nS particles on the hydration reactions, 94 
microstructure and strength development was investigated together with any possible 95 
competitive reactions between FA and nS. Rheology / consistency (slump) studies or studies in 96 
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concrete formulations were beyond the scope of the present work. Mortars of binary 97 
combinations were also prepared and tested in compression (up to 90 days aged mortars) and 98 
late age relative density in order to confirm the water reducing potentials and strength 99 
enhancement offered by the addition of nS. 100 
The research reported was part of a much broader research project supported by the EU 101 
involving industrial and academic partners throughout Europe, aiming at optimizing 102 
nanotechnology enhanced cements formulations. 103 
2. Materials and Methods 104 
2.1 Materials 105 
The materials used were: 106 
 Portland limestone cement CEMII/A-L42.5, with a limestone content of 14%, 107 
conforming to EN 197-1. The Portland cement (PC) content 86% by mass was 108 
considered separately from the limestone (LS) content (14% by mass), in order to be 109 
able to adjust the total limestone content of the composite binders. According to the 110 
supplier clinker is composed of: 70% C3S, 4% C2S, 9% C3A, 12% C4AF. 111 
 Limestone (additional), conforming to EN 197-1. The total LS content was assigned to 112 
each paste 113 
 Fly ash (FA), conforming to EN 450, with mean diameter of 9.09 μm. According to the 114 
supplier the oxide composition is as follows: 53.5% SiO2, 34.3% Al2O3, 3,6% Fe2O3, 115 
4.4% CaO. 116 
 Commercially available colloidal amorphous polycarboxylate dispersed nS particles 117 
(GnS) 15% solids. According to the supplier the diameter of the GnS particles ranges 118 
between 3 and 150 nm and the specific surface area lies between 20 – 1000 m2/g. 119 
 120 
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 121 
2.2 Methods 122 
2.2.1 Experimental Procedure – Mix design 123 
A. Quaternary cement paste formulation 124 
PC60LS20FA20 was nanomodified with GnS at two different concentrations for three different 125 
water to binder (w/b) ratios. GnS was commercially described as “water reducing admixture 126 
with nS particles”, therefore, this series of formulations were designed to assess this piece of 127 
information. Moreover, it was recommended by the supplier that the GnS addition should be 128 
between 0.5-3.0% by mass of Portland cement, hence for these pastes (containing 60%PC) the 129 
lowest permissible GnS solids content would be 0.3%. The three formulations are shown in the 130 
table below:  131 
Table 1: GnS modified quaternary cement paste formulations - Mix proportions % by total 132 
mass of solids 133 
Sample PC (%) LS (%) FA (%) 
GnS 
(%solids) 
W/B 
PC60LS20FA20@0.3 60.0 20.0 20.0 0.0 0.30 
PC59.5LS20.1FA20.1+0.3% GnS @0.3 59.5 20.1 20.1 0.3 0.30 
PC59.5LS20.1FA20.1+0.3% GnS@0.2 59.5 20.1 20.1 0.3 0.20 
PC58.6LS20.4FA20.4 +0.6% GnS @0.22 58.6 20.4 20.4 0.6 0.22 
 134 
The following methodology was adopted for the mixing procedure: 135 
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 Dry mixing of the powders (Portland limestone cement, fly ash and additional 136 
limestone) for 5 minutes with a spatula by hand. The quantities of materials are low, the 137 
mixing time high so adequate homogeneity is attained. 138 
 For formulations containing GnS, the nS solution was poured in a separate container 139 
together with water, stirred with the use of a magnetic stir bar for 1 minute and then 140 
added to the mixed powders.  141 
 With the addition of water and nS, the paste was mixed with the help of an automatic 142 
dual shaft mixer at 1150 rpm for 3 minutes for pastes up to 300 g, time increasing with 143 
amounts of paste. For 500 g mixing time was 5 minutes to ensure greater homogeneity 144 
of the pastes. 145 
 146 
B. Mortar formulation 147 
Three different mortars formulations were prepared in an automatic mixer complying with EN -196-148 
Part 1 (BS 2005) mixing times. The w/b ratio of the control mix was equal to 0.5, according to the 149 
standard. Distilled water and standard sand were used. The proportions by mass according to the 150 
standard were: one part of the cement, three parts of CEN Standard sand, and one half part of water 151 
(water/binder ratio 0.50).  152 
Apart from the control mix, two mortar specimens containing 0.5% or 0.25% GnS by mass of 153 
binder at w/b = 0.35 were also created to assess the water reducing capacity of GnS. GnS was added 154 
in the last 30 seconds of high speed mixing. 155 
 156 
 157 
 158 
 8 
C. GnS modified cement paste formulations - Casting, demoulding and curing 159 
All nanomodified pastes, were cast into cylindrical moulds of dimensions of approximately 60 160 
mm height and 30 mm diameter, so as to maintain a height-to-diameter ratio value of 2 for 161 
compressive strength tests. The GnS dispersion increased the fluidity of the GnS modified 162 
pastes. As shown in Figure 1, these pastes were flowing when casted in the moulds. Therefore, 163 
the compressive strength at day 1 was unattainable due to the fact that setting was still 164 
unaccomplished by day 1 at these water to binder ratios. Rheology studies, fluidity and slump 165 
were beyond the scope of this work. However, it should be noted that although the minimum 166 
permissible nS content was low (0.3% of solids), for a water to binder ratio of 0.3 the paste was 167 
flowing (Figure 1). Reducing the w/b ratio to 0.2, also reduced the fluidity whereas for the 168 
0.6% nS addition at 0.22 w/b ratio the fluidity was similar to the w/b = 0.2 paste. 169 
 170 
Figure 1: GnS nanomodified cement pastes 171 
 172 
Cylindrical composite cement paste specimens were vibrated and were air cured in dry sealed 173 
conditions at 20±2ºC for the first 24 hours. Consequently, after day 1, they were demoulded 174 
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and placed in a curing tank filled with distilled water at 20±2 ºC until the selected ages for 175 
compressive strength testing (day 7, 28 and 56). Separate samples of the pastes were kept in 176 
sealed, airtight bags for the first 24 hours, then filled up with water at 20±2 ºC for chemical or 177 
microstructural characterisation. Distilled water was chosen for compliance with testing 178 
standards. The use of ordinary tap water was beyond the purpose of the current work. 179 
 180 
2.2.2. Material preparation and Analytical techniques 181 
A. GnS characterization  182 
At first the GnS solution was characterized in terms of shape and size via Transmission 183 
Electron Microscopy and elemental composition via scanning electron microscopy/ X-ray 184 
energy dispersive spectroscopy (SEM/EDX). GnS suspension has also been investigated via 185 
Fourier transform infrared spectrometry elsewhere (Calabria-Holley et al. 2015). 186 
Transmission Electron Microscopy (TEM)  187 
Suspensions at 10ng/ml were prepared from the GnS with distilled water.  Small drops of the 188 
diluted solutions were then deposited on copper mesh grids coated with a thin carbon film. 189 
Grids were dried at 25°C prior to the insertion in the instrument. Samples were examined at a 190 
voltage of 120 kV with a GATAN Jeol JEM 1200 mkII. Images were recorded on a Gatan Dual 191 
View camera. 192 
Scanning electron microscopy/ X-ray energy dispersive spectroscopy (SEM/EDX)  193 
For SEM/EDX elemental composition analyses the GnS dispersion was first vacuum dried for 194 
three days at a pressure of 10-2 mbar (100 Pa). The dried dispersion samples were placed 195 
uncoated on a sheet of molybdenum, an element absent from the GnS dispersions for unbiased 196 
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elemental analyses. A matrix of 5 x 5 spectra was acquired and the median of the elemental 197 
composition was presented. Samples were imaged using a Jeol 6480 LV SEM. 198 
 199 
B. GnS enhanced cement pastes characterization  200 
For the paste characterization, arrest of hydration was performed following two different 201 
methodologies: solvent exchange and oven drying as described by Calabria-Holley et al. 202 
(2014). For SEM back scattered images generation and microstructural investigation, solvent 203 
exchange was the technique employed for the arrest of hydration. Isopropanol was selected as 204 
the most appropriate solvent according to literature (Zhang & Scherer 2011; Bye et al. 2011). 205 
The thermal properties were investigated via thermal gravimetric analysis and differential 206 
thermogravimetry (TGA/dTG). For TGA/dTG, the oven drying technique was adopted. 207 
 208 
Compressive strength tests - Compressive strength tests of mortars were carried out in 209 
accordance with EN 196-1. For the compressive strength tests of cement pastes, tests were 210 
carried out on up to six cylindrical specimens per mix. All samples were tested at a loading 211 
speed of 0.5MPa/s. The value of strength was obtained from the mean of the specimens tested 212 
and therefore, the compressive strength results refer to mean compressive strength measured. 213 
After testing, the samples were examined for bad compaction and visual porosity. It can be 214 
observed all GnS enhanced samples were well compacted with visual pores similar to those of 215 
the reference paste (Figure 2).  216 
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 217 
Figure 2: Reference paste (left) and GnS nanomodified cement pastes (right) 218 
 219 
Themogravimetric analyses (TGA) - Thermal gravimetric analyses (TGA) were carried out 220 
using a Setaram TGA92 instrument. 20 mg of each sample were placed in an alumina crucible 221 
and heated at a rate of 10°C/min from 20°C to 1000°C under 100 mL/min flow of inert nitrogen 222 
gas. The differential thermal gravimetric (DTG) curve was derived from the TG curve. 223 
Buoyancy effects were taken into account, by correcting the curves via automatic blank curve 224 
subtraction. 225 
Three different areas as distinguished by the themogravimetric (TG) analyses are of particular 226 
interest: 227 
The first one is related to the dehydration of C–S–H, ettringite, gehlenite between 100oC and 180oC 228 
and monosulfate between 185
o
C and 200
o
C (Collier 2016; Lawrence et al. 2006) and between 229 
270
o
C and 380
o
C (Papadakis 1999). It can be postulated that the greater the loss measured the 230 
greater the amount of C–S–H and ettringite was produced by the hydration of the paste. 231 
 232 
The second area of interest is associated with the dehydration of Ca(OH)2 between 440
o
C and 233 
510
o
C:  234 
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𝐶𝑎(𝛰𝛨)2   →  𝐶𝑎𝑂 +  𝐻2𝑂 ↑ Equation: 1 
The amount of Ca(OH)2 present in the paste at different ages can be computed by the stoichiometric 235 
elaboration of the mass loss results within the specific temperature range:  236 
𝐶𝑎(𝛰𝛨)2  =  
𝐶𝑎(𝛰𝛨)2 𝑟𝑒𝑙𝑎𝑡𝑒𝑑 𝐻2𝑂 𝑚𝑎𝑠𝑠 𝑙𝑜𝑠𝑠 × 74
18
 Equation: 2 
Where, 18 = atomic mass of H2O and 74 = atomic mass of Ca(OH)2. 237 
Therefore, Mass of Ca(OH)2 = (dTG recorded between 440-510
o
C) / 0.24           Equation: 3 238 
The third area of interest is the decomposition of CaCO3 occurring between 700
o
C and 810
o
C 239 
according to the following chemical reaction: 240 
𝐶𝑎𝐶𝑂3   →  𝐶𝑎𝑂 +  𝐶𝑂2 ↑ Equation: 4 
The amount of CaCO3 present in the paste at different ages can be computed by the stoichiometric 241 
elaboration of the mass loss results within the specific temperature range. If it is greater than the 242 
limestone content of the reference paste, it constitutes an indication of sample carbonation.  243 
 244 
𝐶𝑎𝐶𝑂3  =  
𝐶𝑎𝐶𝑂3 𝑟𝑒𝑙𝑎𝑡𝑒𝑑 𝐶𝑂2 𝑚𝑎𝑠𝑠 𝑙𝑜𝑠𝑠 × 100
44
 Equation: 5 
Where, 100 = atomic mass unit of CaCO3 and 44 = atomic mass unit of CO2. 245 
Therefore, Mass of CaCO3 = (dTG recorded between 700-810
o
C) / 0.44         Equation: 6 246 
 247 
Microstructural characterisation - Scanning electron microscopy (SEM) - A set of SEM 248 
images was collected for each of the three GnS modified formulations at day 28. A 249 
backscattered electron detector was used to capture images of the as received, uncoated, 250 
samples.  251 
 252 
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 253 
C. Mathematical elaboration  254 
1.  Correlating hydration characteristics with mechanical strength performance in 255 
nanomodified cement pastes 256 
The high correlation between the consumption of calcium hydroxide towards he formation of 257 
hydration products (microscale characteristics) and the delivered compressive strengths 258 
(macroscale performance) of the GnS modified pastes with respect to time has been expressed 259 
through a newly introduced ratio. This ratio comprises of the compressive strength of the pastes 260 
versus the Ca(OH)2 content, as detected by the TGA/dTG analyses, plotted against time. It was 261 
found to give an interesting representation of the performance of composite cement paste 262 
formulations. The analyses were carried out on reference paste PC60LS20FA20, accounting for 263 
a ratio of PC to FA content of: PC/FA/LS = 3/1/1. 264 
2.  Long-term relative density of mortars 265 
BS EN 12390-7:2000, which is designated for hardened concrete with limitations on the maximum 266 
coarse aggregate size was selected as a basis for the long-term relative density measurements of the 267 
mortars. The volume of the specimen was obtained by water displacement because this method is 268 
suitable for specimens of irregular shape. Moreover, although the method is normally unsuitable for 269 
“specimens of no-fines concrete, lightweight aggregate concrete with large pores, or specimens 270 
whose moisture content must not be altered” since the nanomodified mortars are composed of a 271 
wide range of fines it was concluded that indeed this method can also be adapted for the long-term 272 
relative density measurements of mortars. 273 
The volume of the specimen, is given by the formula: 274 
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 𝑉 =
𝑚𝑎 − 𝑚𝑤
𝜌𝑤
  Equation: 7 
Where, ma = the mass of the specimen in air, in kg, mw = the apparent mass of the immersed 275 
specimen in water, in kg, 𝜌𝑤= is the density of water, at 20 °C, taken as 998 kg/m³. 276 
 𝐷 =
𝑚𝑎
𝑉
  Equation: 8 
Where, D is the relative density in kg/m
3
. 277 
3. Results & Discussion 278 
3.1 Characterization of nanoparticles of SiO2 279 
The particle size of GnS in the colloidal solution was investigated by transmission electron 280 
microscopy (TEM). TEM analysis showed a significant variation in the bulk of this commercial 281 
nS. The diameter of the GnS particles was generally about 5-8 nm (Figure 3-A). However, it is 282 
shown by the 10,000 times magnification TEM micrograph that there are some large 283 
agglomerations of about 100 nm diameter (Figure 3-B) and also some very small particles of 284 
about 2-4 nm diameter (Figure 3-C).  285 
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 286 
Figure 3: TEM micrograph of GnS (A) @ 100,000x and (B) @ 10,000x magnification 287 
  288 
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Table 2 contains indicatively the first 5 spectra from the 5 x 5 matrix of spectra collected for 289 
the elemental analysis (SEM/EDX) from the most homogeneous area depicted in the first 290 
micrograph of Figure 3. GnS exhibits traces of SiO2 and over 70% (normalized atomic) carbon 291 
content. It could therefore be more appropriately described as poly-carboxylate dispersion with 292 
limited quantities of nS particles. Adding to this, in GnS, the high amount of carbon present is 293 
more prone than the nS itself to have significant effects in any GnS nanosilica modified cement 294 
pastes. The sulfur present is not likely to affect the hydration as it is commonly used for curing 295 
of agents used for the functionalisation of nanosilica (Pourhossaini & Razzaghi-Kashani 2012).  296 
  297 
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Table 2: SEM/EDX counts summary (100% atomic) of GnS [5 of 25 spectra] 298 
GnS - All results in atomic % normalized to 100% 
Spectrum C O Na Si S 
(1,1) 70.58 28.43 0.48 0.12 0.40 
(2,1) 70.74 28.38 0.37 0.09 0.42 
(3,1) 70.83 28.18 0.40 0.11 0.47 
(4,1) 69.19 29.32 0.40 0.21 0.88 
(5,1) 72.04 25.15 0.21 0.19 2.41 
Mean 71.42 26.66 0.41 0.23 1.28 
Std. deviation 1.29 2.04 0.12 0.20 1.37 
Max. 74.68 29.32 0.61 0.94 5.41 
Min. 68.76 19.35 0.18 0.09 0.39 
 299 
Additional TEM imaging of the GnS sample showed a great diversity of agglomerates present; 300 
as depicted in Figure 4, Zn rich spheres (Figure 4-A), large Ca-S nanocrystals (Figure 4-B) and 301 
other agglomerates of organic matter were also present (Figure 4-C). These limited areas show 302 
that this polycarboxylate nS dispersion is not as homogeneous as the aqueous nS dispersions 303 
(Calabria-Holley & Papatzani 2014; Papatzani 2016).  Consequently, an additional set of 304 
spectra was collected from each of these areas, including the large agglomerated nS particles 305 
shown in Figure 3-B, in order to investigate the variability in the elements present. The 306 
normalized by 100% atomic results are given in Table 3. It is shown that depending on the 307 
selected area of sample, certain elements are present, which, however, do not exist in the other 308 
areas. Such variability is expected to deliver variabilities of the performance of the nS 309 
suspension in composite cementitious binders.  310 
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 311 
Figure 4: Chemical elements of GnS determined via TEM 312 
 313 
Table 3: TEM/EDX counts summary (100% atomic) of GnS from Figure 3-B and Figure 4 314 
Spectrum C O Si S Ca Fe Ni Cu Zn 
Large agglomerated particles 
figure 3-B 
71,38 10,58 0,71 0,76 0,48 0,91 13,22 1,95 - 
Very small nS particles <5nm 
figure 3-C 
73,93 3,96 0,68 - - - 9,37 11,32 0,74 
Zn rich spheres - figure 4-A 47,15 28,31 - 5,19 - - 7,48 - 11,87 
Large Ca-S rich nanocrystals 
figure 4-B 
57,25 25,65 - 3,31 2,82 - 10,96 - - 
 315 
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3.2 Characterization of quaternary cement formulations with GnS on PC60LS20FA20 316 
Three pastes were produced through the GnS modification of reference paste PC60LS20FA20. 317 
The results presented in this section constituted a standalone study on the application of GnS in 318 
composite cement pastes and the presence of 60% of PC (clinker) by total mass of binder 319 
facilitated the interpretation of the results. Further studies on reduced PC content quaternary 320 
cement formulations necessitate the current study in order to better understand the effect of the 321 
specific, commercial nS dispersion which also contains polycarboxylates. For this reason, apart 322 
from the water to binder (w/b) ratio of 0.3 which is a suitable ratio for nS enhanced pastes 323 
(Papatzani, Paine & Calabria-Holley 2014; Papatzani 2016; Calabria-Holley et al. 2015; 324 
Papatzani et al. 2015; Папатзани et al. 2014), two lower ones were also investigated; w/b 0.2 325 
and 0.22 in an effort to draw the limit between enhancements and limitations. The main results 326 
are presented below.  327 
A. Compressive strength of PC/FA/LS=3/1/1 GnS modified pastes 328 
As can be seen in Figure 5 for the same amount of GnS (0.3% by mass) the higher w/b ratio 329 
proved to be less favourable. Furthermore, for the lower w/b ratios the higher GnS content 330 
exhibited a better performance than the reference paste for the first 28 days. In the effort to set 331 
a lower bound in these quaternary pastes the supplier’s recommendations were followed to 332 
begin with (0.3% of nS solids in these pastes) at 0.3 w/b ratio. This addition did not offer 333 
strength enhancement. Then the w/b ratio was reduced to 0.2, still with no improvement. 334 
Lastly, the nS particles dosage was increased, while marginally increasing the w/b ratio to 0.22 335 
to achieve the desired performance, which can be further improved. The lower compressive 336 
strengths of the 0.3% GnS content formulations can be attributed to less homogeneous 337 
dispersion of the nS particles in the paste, probably due to the fact that the dosage is too low. 338 
Therefore, it was concluded that in quaternary cementitious nanocomposites the 339 
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polycarboxylate nS addition should not be lower than 0.6% by total mass of binder for w/b 340 
ratio in the order of 0.22. Indeed, the 0.6% GnS enhanced specimen showed a better 341 
performance. The fact that the mean compressive strength is marginally below that of the 342 
control mix can be attributed to experimental limitations with respect to the homogenous 343 
dispersion of low dosages of nanoparticles in such nanomodified composite cement pastes. 344 
Adding to this, such discrepancies could also be attributed to the significant variation observed 345 
by TEM in the bulk of the nS suspension as already discussed. It should be noted at this point, 346 
that during the production of the specimens, the ones with the higher w/b ratio exhibited a 347 
prolonged setting. It is possible therefore, although not specified by the producer, that the 348 
specific polycarboxylate nS dispersions belonged to the “third generation of superplasticizers” 349 
the most important feature of which is the presence of polycarboxylate ether (PCE), with a 350 
molecular structure that can be manipulated to affect consistence, retention and the rate of 351 
strength development (Scrivener 2009). However, there is not enough evidence to distinguish 352 
the exact type of chemical used. Specialized experimental tools should be employed for such 353 
investigations, e.g. solid state NMR spectroscopy. Hence, the use of a sonicator or any other 354 
advanced technique such as on-demand generation of nanofluidic droplets could have 355 
eliminated such discrepancies (mixing limitations), minimizing possible agglomeration of the 356 
nS particles and the polycarboxylate in the pastes. Agglomeration is expected to influence 357 
rheological properties of pastes, density and induce weak zones in compression. However, 358 
hydration can be enhanced (Kong et al. 2013). Some mortar cubes were prepared and tested in 359 
compression as shown in the last section of the results, confirming this hypothesis of bad 360 
dispersion of low GnS contents in cement pastes. 361 
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 362 
Figure 5: Cylinder compressive strength of GnS modified composite binders  363 
 364 
B. Thermal gravimetric analyses of PC/FA/LS=3/1/1 GnS modified pastes  365 
As can be observed in Figure 6-A the Ca(OH)2 content of the reference paste did not change 366 
significantly with time. However, the formulation directly comparable to the control paste, i.e. 367 
PC59.5LS20.1FA20.1+0.3% GnS @0.3w/b, exhibited significant consumption of Ca(OH)2 368 
only at later ages, as expected due to the water reducing effect of the polycarboxylate and due 369 
to the delayed reaction of high FA content pastes with nS (Supit & Shaikh 2015; Papatzani 370 
2016). In fact, the delayed reaction of FA with Ca(OH)2 to form additional C–S–H, lies behind 371 
the change in Ca(OH)2 content for all GnS enhanced pastes between 28 and 56 day. 372 
Furthermore, the C–S–H formation of PC59.5LS20.1FA20.1+0.3% GnS @0.3w/b at day 7 is 373 
similar to that of the control paste (Figure 7-A) and that of day 28 is delayed due to the surface 374 
masking of the nS particles by the polycarboxylate and the presence of high FA content (Figure 375 
7-B). Indeed, from day 28 onwards that the reaction of FA is initiated, the amount of C–S–H 376 
 22 
formed in paste PC59.5LS20.1FA20.1+0.3% GnS @0.3w/b is significantly greater than that of 377 
the control. This finding is in agreement with studies of low PC-high FA quaternary cement 378 
pastes enhanced with colloidal aqueous nS particles (PC content 43% and FA content 37% by 379 
total mass of binder), in which the pozzolanic activity of FA was pronounced from day 28 until 380 
day 56 (Papatzani, Paine & Calabria-Holley 2014). In addition to this,  FTIR investigation of 381 
quaternary low PC high FA content pastes (PC content 43% and FA content 37% by total mass 382 
of binder) at day 28 showed that the GnS enhancement produced pastes with a lower Ca/Si 383 
ratio than that of the reference paste, attributed to incomplete C–S–H formation, characteristic 384 
of a more polymerized network, which again indicated delay in PC hydration and setting at 385 
w/b=0.3, in low PC pastes (Calabria-Holley et al. 2015). It should also be noted that the mass 386 
loss observed up to ~75 °C is attributed to residual organic solvent. 387 
Moreover, the two pastes with low w/b ratio exhibited the greatest Ca(OH)2 reduction covering 388 
the fact that the hydration products are reduced due to the limited presence of water in the mix. 389 
TGA/dTG results presented in Figure 7 indicate that the amount of C–S–H formed in the 390 
directly comparable GnS enhanced paste, i.e. PC59.5LS20.1FA20.1+0.3% GnS @0.3w/b, was 391 
greater than that in the control paste. Hence, it is clear that GnS exhibited a pozzolanic 392 
behaviour, reacting with and consuming Ca(OH)2 at early ages, to produce C–S–H in these 393 
pastes. This conclusion is in accordance with the compressive strength results at 7 days which 394 
are higher for all GnS enhanced pastes compared with the control. From day 7 to 28, there is 395 
enough Ca(OH)2 available for reactions, but the lower GnS content pastes possibly did not have 396 
enough available particles to react with and this could be the reason for the marginal increases 397 
in compressive strengths from day 7 to 28. Judging by the Ca(OH)2 consumption, from day 28 398 
to 56, significant amounts of C–S–H and other hydration products were formed Figure 7-C, 399 
signaling potential increase in compressive strength. The fact that this trend was not observed 400 
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for the 56 day strengths was attributed to bad dispersion of the GnS particles in cement pastes 401 
overall. 402 
Given that significant changes start at 28 days of curing, the 28-day SEM image analysis was 403 
selected for all pastes and is in full agreement with the TGA results as shown in later sections. 404 
 405 
Figure 6: (A) Ca(OH)2 and (B) CaCO3 content of GnS modified composite binders 406 
Another interesting aspect to note is that limestone seems to have interacted with the hydration 407 
products formed, inhibiting the decomposition of ettringite to nomosulphate, since no mass loss 408 
is observed between 270
o
C and 380
o
C (Papadakis 1999) in Figures 7 to 8, in agreement with 409 
other researhers suggesting that limestone does not purely act as a filler but also participates in 410 
chemical reactions (De Weerdt, Haha, et al. 2011). However, no mass loss was recorded 411 
beyond 800
o
C where, typically, carboaluminates decompose (Esteves 2011). 412 
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  413 
Figure 7: C–S–H, ettringite and other hydrates, area between 110oC and 170oC (A) at day 7, 414 
(B) at day 28 and (D) at day 56 – hydration arrest by oven drying  415 
 416 
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Lastly, the CaCO3 content was significantly increased in the GnS modified pastes (Figure 6-B). 417 
However, this observation can be attributed to the high quantities of carbon in the GnS 418 
dispersion found with the SEM/EDS elemental analysis, as well as the increased LS content in 419 
the mix design. 420 
 421 
C. Correlating hydration characteristics with mechanical strength performance in 422 
nanosilica modified cement pastes 423 
The ratio of compressive strength of the pastes versus the Ca(OH)2 content is applicable in the 424 
quaternary GnS modified pastes.  The higher the ratio, the more the related paste outperformed 425 
the reference paste. In Figure 8, the superior performance of the lowest w/b ratio paste; 426 
PC58.6LS20.4FA20.4+0.6%GnS@0.22w/b is depicted, combining both the higher 427 
compressive strength achieved and the more pronounced Ca(OH)2 content consumption. In 428 
fact, the paste enhanced with GnS at the same w/b as the control, 429 
PC59.5LS20.1FA20.1+0.3%GnS@0.3w/b, which did not seem to have consumed any 430 
significant quantities of Ca(OH)2 until day 56, also exhibited the lowest compressive strength. 431 
It is also interesting to note that the rate of Ca(OH)2 consumption increased drastically after day 432 
28, presumably because the hydration of PC produced additional quantities of Ca(OH)2 433 
available for reactions. The gradient of the line representing the rate of strength gain of paste 434 
PC59.5LS20.1FA20.1 +0.3%GnS @ 0.3w/b was greater, as expected since more water was 435 
available for the hydration of cement, which apparently advanced after day 28 in all three GnS 436 
modified pastes. It should be noted that the ratio is particularly sensitive to the homogeneity of 437 
the pastes and therefore to micropores and other inconsistences. The ratio is proposed herein as 438 
an additional mix design criterion for composite cement mix design. 439 
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 440 
Figure 8: Relating microscale characteristics to macroscale performance of GnS modified 441 
composite binders 442 
 443 
D. Microstructural characterisation of cement pastes 444 
The microstructural investigations confirmed the findings of compressive strength testing and 445 
thermal gravimetric analyses at day 28. In all cases, denser patches of what seems to be C–S–H 446 
were identified and marked (CSH for brevity and clarity), indicatively. Ca(OH)2 crystals were 447 
covered with C–S–H some of them being individually visible. Although at a first glance the 448 
micrographs bear strong similarities, a number of differences can be identified at more careful 449 
observation (Figure 9 and Figure 10): 450 
 The number of microcracks reduced drastically with the addition of higher GnS content 451 
for w/b = 0.3. However, amongst similar amounts of GnS (pastes 452 
PC59.5LS20.1FA20.1+0.3%GnS@0.3 and PC59.5LS20.1FA20.1+0.3%GnS@0.2) the 453 
lower w/b ratio mix did exhibit limited microcracks. 454 
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 Innumerable reacted FA (rFA) particles, with darker rims surrounding them and a 455 
wrapping of hydration products around them were distinguished. The number of 456 
unreacted FA particles (uFA) seamed to increase marginally with the reduction of w/b 457 
ratio. Paste PC58.6LS20.4FA20.4 +0.6%GnS @0.22, in particular exhibited clusters of 458 
unreacted FA particles surrounding rFA.  459 
 The higher the content of GnS the more extended the development of denser patches of 460 
what seemed to be C–S–H. A surplus of fibrilar and flake-like formations were 461 
identified and assigned to C–S–H, whereas plenty needle-like hydrates, associated with 462 
ettringite were also distinguished. The presence of an extended network of flake-like C–463 
S–H is typical of porosity refined pastes (Scrivener & Nonat 2011). Also, a pore is 464 
identified with a growth in it (Figure 9-B). For more analytical identifications 465 
SEM/EDX should be used. 466 
 Paste PC59.5LS20.1FA20.1+0.3%GnS@0.2 bears great resemblance to paste 467 
PC58.6LS20.4FA20.4+0.6%GnS@0.22. The latter, which also showed the best 468 
mechanical performance, exhibited the densest microstructure with few microcracks 469 
(Figure 10). Furthermore, the magnification of Figure 10-C revealed dense hydration 470 
products bridging (area indicated by the arrow) hydrated cement grains, representative 471 
of the seeding effect of the GnS nanoparticles. Moreover, the magnification of Figure 472 
10-C also revealed another area (shown in a circle) around a reacted fly ash particle 473 
surrounded by unreacted particles of FA, which, in turn, lie in the middle of what seems 474 
to be dense C–S–H area. It is possible that the C–S–H gel produced by the pozzolanic 475 
reaction of GnS, has been formed around these unreacted FA particles, acting as ion 476 
penetration barrier, hence, inhibiting the homogeneous cement hydration (Hou et al. 477 
2012). Such phenomenon may also be observed in hydrating concrete formulations, but 478 
a separate study investigations should clarify such hypothesis. Furthermore, the 479 
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diameter of the FA particles used varied from 1 to 12 μm, with a mean diameter of 9.09 480 
μm, as determined by particle size distribution analysis described elsewhere (Papatzani 481 
2014). The size of the FA particles does not seem to have affected their reaction 482 
potentials in these pastes.  483 
  484 
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 485 
Figure 9: SEM back scattered micrograph of (A) PC60LS20FA20@0.3-28D - at 200x and 486 
(B) at 1000x magnification. (C) PC59.5LS20.1FA20.1+0.3%GnS@0.3-28D - at 200x and 487 
(D) at 1000x magnification. (E) PC59.5LS20.1FA20.1+0.3%GnS@0.2-28D -28D at 200x 488 
and (F) at 1000x magnification 489 
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 490 
Figure 10: SEM back scattered micrograph of PC58.6LS20.4FA20.4+0.6%GnS @0.22-491 
28D; (A) 28D –200x, (B) 28D –350x with a detail at 950x, (C & D) 28D –1000x, with a 492 
detail at 3000x magnification 493 
 494 
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E. Compressive strength tests and late age relative density of mortars 495 
To confirm the understanding on the behaviour of GnS modified pastes, the simplest 496 
combination based on PC100 (denoted as M.PC100) using CEMI-45R for simplicity (rather 497 
than CEM II/A-L 42,5 which was used for all pastes) with a w/b ratio of 0.5 was selected. 498 
Then, it was nanomodified by adding 0.25% or 0.50% GnS by mass of CEMI at a reduced w/b 499 
ratio and tested in compression at day 7, 28, 56 and 90. The higher dosage of GnS, i.e. that of 500 
0.5% by mass of binder, at lower w/b ratio offered significant improvements, maintaining and 501 
increasing strengths with time (Figure 11-A). In full accordance with the compressive strength 502 
of pastes, the most pronounced improvement in strength is achieved at early ages; day 7 and 503 
day 28. The lower GnS content showed the greatest strength diversity, with a sharp reduction of 504 
strength at day 90 attributed to non-homogeneous dispersion of the few GnS particles in the 505 
mass of the mortars. Therefore, the lower bound of GnS addition is reached and is equal to 506 
0.5% by total mass of binder. 507 
Knowing that the theoretical maximum density of PC is 3250 kg/m
3
, that of sand is 2650 kg/m
3
 and 508 
of water 1000 kg/m
3
 the theoretical maximum density for a mortar of 100% PC at w/b = 0.5 was 509 
found to be equal to 2600 kg/m
3
. Therefore, judging by the late age (after month 6) relative density 510 
measured (Figure 11-B) the M.PC100 did not seem to contain significant pores. The addition of 511 
GnS (M.PC99.5+0.5%GnS) offered higher densities, probably due to the particle packing effect. 512 
However, the higher dosage of GnS marginally reduced density, although the strength increased. 513 
This could be explained by the fact that the addition of greater amounts can cause agglomeration of 514 
the particles within the hydrating paste and consequently, increase the porosity hence reduce 515 
relative density, although the chemical effect of increased hydrations reactions towards the 516 
production of additional C–S–H is accomplished offering higher compressive strengths. It should be 517 
noted that the theoretical maximum density of the nanomodified mortars could not be calculated 518 
due to lack of data on the theoretical density of the nanoparticles. 519 
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 520 
Figure 11: (A) Cube compressive strength of GnS modified mortars based on PC100 & 521 
 (B) Relative density of GnS modified mortars based on PC100 522 
 523 
4. Conclusions 524 
This study is the first presented involving composite binders of lower than the Eurocode 525 
designated clinker content and nanosilica particles dispersed in organic (polycarboxylate) 526 
medium. The complex chemistry involved in the dispersion has affected the hydration, the 527 
microstructure and the strength development of the composite binders produced. From the 528 
above, it can be postulated that GnS, if added at reduced w/b ratio, can enhance hydration 529 
reactions and the microstructure. Which, in turn is expected to lead to long term durability and 530 
mechanical performance superior than that of the reference paste, for PC/FA/LS ratio of 3/1/1. 531 
The lower bound of GnS addition was determined to be 0.6% by mass of binder for cement 532 
pastes, whereas for mortars it can reach 0.5% by mass of binder. Moreover, it is possible that 533 
greater quantities of GnS can be added in blended cements of PC/FA/LS =3/1/1, as the thermal 534 
gravimetric analyses showed that there was Ca(OH)2 available for pozzolanic reactions. 535 
However, if the increase in GnS content is at the expense of PC content, care should be taken 536 
so that the hydration of Portland cement can advance, notwithstanding the reduction of w/b 537 
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ratio, which is necessary for the greater GnS additions. This limitation is more pronounced with 538 
polycarboxylate / nS dispersions, such as GnS compared to their aqueous counterparts. As was 539 
observed in Figure 5 for the same w/b ratio (0.3) the addition of even minor (0.3% by mass) 540 
polycarboxylate nS dispersions can be unfavourable, probably due to delayed setting and 541 
obstruction of the hydration reactions. However, a small reduction in the w/b ratio (0.22) 542 
accompanied by an increase in the GnS content (0.6% by mass) proved to be more successful 543 
in these pastes than a more drastic reduction in w/b ratio (0.2) and low amount of GnS (0.3% 544 
by mass). Other mediums such as sulphonated naphthalene formaldehyde could be a used for 545 
the dispersion of the nS particles, avoiding extensive quantities of carbon found in the 546 
dispersion under investigation. However, for the purpose of this study a commercially available 547 
product was used as received and its suitability for composite binders of lower clinker content 548 
than the recommended by the Eurocodes was scrutinized. It should be noted though, that 549 
extensive research carried out by the authors indicates that improvements in hydration, 550 
microstructure and mechanical strengths are secured with the use of aqueous dispersions, 551 
allowing the clinker to be reduced to 43%, probably due to less complicated chemistry involved 552 
(Papatzani, Paine & Calabria-Holley 2014; Papatzani 2015; Calabria-Holley & Papatzani 2014; 553 
Papatzani, Paine, Calabria-Holley, et al. 2014).  554 
On the other hand, GnS dosage should be limited as the C–S–H gel produced may be acting as 555 
ion penetration barrier around FA particles, blocking composite cement paste homogeneous 556 
hydration, a matter that can arise in concrete design, as well. Most importantly, given that the 557 
depletion of Ca(OH)2 is not an issue, since significant quantities were detected with TG as well 558 
as with SEM, the other hypothesis could be that GnS addition abruptly dropped the pH of the 559 
hydrating composite cement paste, which, in turn, did not allow the vitreous phase of FA to 560 
decompose and consequently engage in pozzolanic reactions. Therefore, although there is 561 
Ca(OH)2 and FA available in the paste, these “FA particles of non-decomposed vitreous phase” 562 
 34 
cannot react with Ca(OH)2 and produce additional C–S–H beyond day 28. This hypothesis can 563 
also explain the reduction in the mean compressive strength of the GnS enhanced pastes at day 564 
56. For this, it can be said that, in the GnS modified composite cements with PC/FA/LS=3/1/1 565 
(PC60LS20FA20), the constituents of the binder seem to bear antagonistic features between 566 
their functionalities. Further studies should clarify safe upper bounds of GnS addition and also 567 
potential hydration blocking mechanisms in concrete formulations utilizing these 568 
nanocomposite binders. In addition to the interaction of FA with GnS, the w/b ratio must be 569 
regulated with respect to the GnS content and the homogeneous dispersion of the nS particles 570 
in the binder must be secured, as discussed.  571 
Nanotechnologists are expected to contribute towards the development of new methods that 572 
will allow homogeneous dispersion of nanoparticles in the bulk of composite cements matrices 573 
for industrial applications and for mass production of nanomodified concrete. Studies like the 574 
one presented in this paper are necessary in order to shed light to the effect of nanoparticles in 575 
quaternary cement formulations especially since data-sheets of commercial nanoparticles 576 
contain information related to mortars rather than pastes. The presented research also highlights 577 
the fact that, in the case of GnS added composite binders, supplier’s recommendations do not 578 
suffice. Binder testing should precede concrete design. Such studies pave the way for further 579 
investigation of more challenging nanocements, such as those of very low PC and high FA 580 
content, leading to innovative green cements unattainable, in the past, without the help of 581 
nanotechnology. 582 
 583 
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